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A new scenario for superconductivity in the bismuthates based on the concept of a spatially sep-
arated Fermi-Bose mixture is proposed. In the framework of this scenario we qualitatively explain
the insulator-metal transition and the nature of the superconductivity which occur in Ba1−xKxBiO3
under doping by K. We also analyze briefly an applicability of this scenario for the high-Tc supercon-
ductors. In conclusion some additional experiments required to elucidate more precisely the nature
of the superconductivity in the bismuthates are discussed.
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I. INTRODUCTION
The concept of the extremely strong-coupling super-
conductivity with the preexisted local pairs was firstly
introduced by Shafroth [1] in the middle of fifties. His
statement was that in the extremely type-II supercon-
ductors, where the parameter ξ0kF <∼ 1, the nature of
the superconductive transition corresponds to the lo-
cal pair formation (pairing in the real, and not in the
momentum space) at some relatively high temperature
T ∗, and their Bose-Einstein condensation (BEC) at a
lower critical temperature Tc < T
∗. Later on Alexan-
drov and Ranninger developed this concept [2] in connec-
tion with the narrow-band materials with an extremely
strong electron-phonon coupling constant (λ≫ 1), where
a standard Eliashberg theory [3] starts to fail. The key
issue of their approach was a statement that in narrow
bands, where polaron formation is important, it is possi-
ble, in principle, to create the conditions where the two
polarons could effectively occupy the same potential well,
prepared in a self-consistent fashion. Approximately in
the same time Leggett and Nozieres [4,5] developed a
general theory which yields a smooth interpolation be-
tween a BCS-type of pairing in the momentum space for
a small electron-electron attraction and the pairing in the
real space for a large electron-electron attraction.
There were two crucial points in the papers [4,5]. (i)
Their results are valid independently of the precise na-
ture of the short-range effective attraction between elec-
trons; (ii) they investigated self-consistently a standard
equation for the superconductive gap and an equation for
the number of particles conservation. The most impor-
tant result of Nozieres and Leggett is that for T ∗ > Tc
(or, in other words, for a binding energy of a local pair
|Eb| > εF ) the chemical potential µ is always large and
negative µ = −|Eb|/2 + εF < 0. Hence in a strong-
coupling limit a superconductive pairing takes place not
on the Fermi-surface, as in the BCS-theory, but below the
bottom of a conductive band. This is a crucial drawback
of all local-pairs theories. We cannot match two basic
facts: the existence of the Fermi-surface and the pres-
ence of preformed pairs above Tc. First one who empha-
sized this contradiction was J. Ranninger [6,7], who intro-
duced the concept of the two-band Fermi-Bose mixture.
In this scenario the presence of a degenerate fermionic
band guarantees the existence of a Fermi-surface, while
the Bose-Einstein condensation is responsible for the su-
perconductivity in a bosonic band. Soon after the dis-
covery of high-Tc superconductors P. W. Anderson [8]
reintroduced the concept of the local pairs. He also in-
troduced two bands of the fermionic and bosonic quasi-
particles. In his approach, a superconductive transition
was connected with the BEC in the bosonic band of the
charge excitations — holons, while the presence of a large
Fermi-surface was guaranteed by the fermionic band of
the spin excitations — spinons. Unfortunately, even this
beautiful approach was not totally successful because at
least in a one layer the BEC of holons yields a charge
of a superconductive pair equal to e instead of 2e mea-
sured experimentally. Later on Geshkenbein, Ioffe, and
Larkin [9] phenomenologically reintroduced a concept of
the Fermi-Bose mixture on the level of the coefficients in
the Ginzburg-Landau expansion and showed that several
important experiments in the underdoped high-Tc mate-
rials can be explained naturally within this form of the
Ginzburg-Landau functional.
So, up to now a question whether a two-band
Fermi-Bose mixture scenario is applicable to the high-
temperature superconductive (HTSC) materials is still
open. Probably, the best chances to be described by this
scenario has a bismuth family of high-Tc superconductors
Bi2Sr2CaCu2O8+δ, where the parameter kF ξ0 ∼ 2, and
the tunneling experiments of Fischer et al. [10] signal the
formation of a pretty large and a stable pseudogap at
temperatures well above Tc. In our paper we would like
1
to discuss a possibility of a two-band Fermi-Bose mixture
scenario in a quite different class of superconductors with
a relatively high Tc ∼ 30K, namely in the superconduc-
tive bismuthates Ba1−xKxBiO3 (BKBO). The key issue
of our paper is a possibility of the existence of the two
spatially separated bands of fermionic and bosonic quasi-
particles in these materials.
Our paper is organized as follows. In the first part
we present the basic experimental facts concerning the
local electronic and crystal structure peculiarities, and
their connection with the superconductive and the nor-
mal transport properties of BKBO. In the second part we
try to show how these basic facts could be naturally ex-
plained within a scenario of the two spatially separated
bands of the fermionic and bosonic quasiparticles. We
conclude the paper by a summary of our model and a
discussion of the several additional experiments, which
would help us to give a definite answer whether our pro-
posal is the only possibility for a superconductive pairing
in the bismuthates.
II. SPATIALLY SEPARATED FERMI-BOSE
MIXTURE
The BaBiO3, which is a parent compound for the bis-
muthates Ba1−xKxBiO3 and BaPb1−xBixO3 (BPBO),
represents a charge-density-wave (CDW) insulator hav-
ing the two gaps: an optical gap Eg = 1.9 eV and an
activation (transport) gap Ea = 0.24 eV [11]. A partial
replacing of Ba by K in BKBO causes the decrease of
the gaps, and as a result the insulator-metal transition
as well as the superconductivity are observed at the dop-
ing levels x >∼ 0.37. The superconductivity remains up to
the doping level x = 0.5 corresponding to the solubility
limit of K in BKBO but a maximal critical temperature
Tc ≃ 30 K is achieved for x ≃ 0.4 [12,13].
A. Local crystal structure peculiarities
A three-dimensional character of a cubic perovskite-
like structure of the bismuthates differs from a two-
dimensional one in the HTSC cuprates. The building
block in the bismuthates is a BiO6 octahedral complex
(analogue of CuOn (n = 4, 5, 6) in the HTSC-materials).
The octahedral complexes are the most tightly bound
items of the structure because of a strong covalence of
the Bi6s-O2pσ bonds. According to the crystallographic
data [14], the crystal structure of a parent BaBiO3 rep-
resents the alternating arrangement of the expanded and
contracted BiO6 octahedra in a barium lattice, spoken as
a “breathing” distortion. Such an alternation together
with a static rotation of the octahedra around [110] axis
produce the monoclinic distortion of a cubic lattice. As
shown in Refs. [15–17], to the larger soft octahedron cor-
responds the complex BiO6 with the completely filled
Bi6s-O2p orbitals and to the smaller rigid octahedron
corresponds a complex BiL2O6. Here L
2 denotes the free
level in the antibonding Bi6s-O2pσ∗ orbital of the smaller
octahedral complex.
The K doping of BaBiO3 is equivalent to a hole dop-
ing and leads to a partial replacement of the larger soft
octahedra BiO6 by the smaller rigid octahedra BiL
2O6
[17]. This causes a decrease and finally a disappearance
of the static breathing and tilting distortions, and the
lattice should contract despite a practically equal ionic
radii of K+ and Ba2+. As a result, the average struc-
ture according to the neutron diffraction data [18] at the
doping level x = 0.37 becomes a simple cubic. However,
the local EXAFS probes [19,16,17] showed the essential
difference of the local crystal structure from the average
one. We found out that the oxygen ions belonging to
the different BiO6 and BiL
2O6 octahedra vibrate in a
double-well potential, while those having equivalent en-
vironment of the two equal BiL2O6 octahedra oscillate in
a simple harmonic potential [16,17]. This very unusual
behavior is in a close connection with a local electronic
structure of BKBO.
B. Local electronic structure
The coexistence in BaBiO3 of the different types of the
octahedra with the two Bi-O bond lengths and strengths
reflects the different electronic structures of BiO6 com-
plexes. The valence band of BaBiO3 is determined by
the overlap of Bi6s and O2p orbitals [20,21], and, ow-
ing to a strong Bi6s-O2pσ hybridization, the octahedra
can be considered as the quasi-molecular complexes [22].
In each complex there are ten electron levels consisting
of the four bonding-antibonding Bi6s-O2pσ orbitals and
the six nonbonding O2ppi orbitals. A monoclinic unit
cell includes the two octahedra and contains 38 valence
electrons (10 from the two bismuth ions, 4 from the two
barium ions, and 24 from the six oxygen ions). All the
Bi-O bond lengths should be equal and the local mag-
netic moments should be present in the case of equal
electron filling for nearest octahedra (BiL1O6+BiL
1O6).
In contrast both the presence of the two types of octa-
hedral complexes and an absence of any local magnetic
moment are experimentally observed [11,23], so the men-
tioned above scheme of the valence disproportionation
2BiL1O6 → BiL2O6+BiO6 was proposed [17]. In this
scheme the numbers of occupied states in the neighbour-
ing octahedral complexes are different: the octahedron
BiL2O6 contains 18 electrons and has one free level or a
hole pair L2 in the upper antibonding Bi6sO2pσ∗ orbital,
while in the octahedron BiO6 with 20 electrons this an-
tibonding orbital is filled as shown in Fig. 1. It is quite
natural that the BiL2O6 octahedra have the stiff (quasi-
molecular) Bi-O bonds and a smaller radius, while the
BiO6 octahedra represent the non-stable molecules with
a filled antibonding orbital and a larger radius. Because
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FIG. 1. The scheme of the formation of an electronic struc-
ture for the different octahedral BiO6 complexes.
the sum of the two nearest octahedra radii overcomes
the lattice parameter, the octahedral system must tilt
around [110] aixis, producing together with a breathing
a monoclinic distortion in BaBiO3.
Thus, in BaBiO3 one has an alternating system of the
two types of the octahedral complexes filled with the lo-
cal pairs: the hole pairs in BiL2O6 complexes and the
electron pairs in BiO6 complexes. The local pair forma-
tion in BaBiO3 was advocated previously, see for example
[11,24–29]. The binding mechanism for the pairs is prob-
ably of an electronic nature [25,29] in accordance with
Varma’s picture of the pairing due to the skipping of the
valence “4+” by the Bi ion [25]. However one cannot
fully exclude the lattice mediated pairing [11,24,27] in
accordance with de Jongh’s statement [26] that the pref-
erence to retain the closed-shell structures overcomes the
Coulomb repulsion involved with an intrasite bipolaron
formation.
The local electronic structure of BaBiO3 combined
with the real-space local crystal structure is presented in
Fig. 2(a). In such a system there are no free Fermi carri-
ers, and the conductivity occurs only due to the transfer
of the carrier pairs [11,15]. The dissociation of the pairs
and the hopping of a single electron from one octahedron
to another, in similarity with Varma’s [25] suggestion,
cost an energy:
Eb = 2E(BiL
1O6)− [E(BiO6) + E(BiL2O6)],
and is observed experimentally as an optical conductivity
peak at the photon energy hν = 1.9 eV [11].
Thus we have an example of the normal bosonic liquid
of the pairs bound with an energy Eb (as in Ref. [30]).
Experimentally, BaBiO3 shows a semiconductor-like be-
havior with an energy gap Ea = 0.24 eV, which can be
explained only as a two-particle transport with the acti-
vation energy 2Ea due to the delocalization of the pairs.
From our point of view, the transport gap is defined by
the combined effect of the Coulomb interaction and the
deformation potential between the neighboring octahe-
dral complexes.
In principle, the electronic structure of BaBiO3 pre-
sented in Fig. 3(a) is similar to that proposed by Na-
matame et al. [31]. They supposed that the thermally
excited charge carriers in BaBiO3 are the polarons with
a substantial band narrowing due to a strong electron-
phonon coupling. In our case the carriers are the lo-
cal pairs (the bipolarons), the empty and the occu-
pied bosonic bands are very narrow, and that is why
in Fig. 2(a) they are shown as energy levels. So, the
transport gap 2Ea is the gap between the empty and the
occupied bosonic states, and the conductivity in BaBiO3
arises from the thermo-activated bosonic quasiparticles.
This fact is in agreement with the suggestion of Tara-
phder et al. about a bosonic character of the ground
state in BaBiO3. [29]
Another key question in the bismuthates is a nature
of the optical gap Eg = 1.9 eV. In accordance with the
band structure calculations [21], this gap arises from the
peak-to-peak splitting of the Bi6s band due to CDW for-
mation. Namatame et al. [31] attribute this gap to the
Frank-Condon transition under which the lattice should
be frozen. That contradicts to the observation in the Ra-
man spectra [22,27,32] of the abnormally large amplitude
of the breathing-type vibrations of the oxygen octahedra.
The required mode arises only at a resonant excitation
by the laser radiation with an energy hν = Eg. The
resonance was destroyed and the abrupt decrease of the
mode amplitude was observed when the lasers with an
other frequency were used [32]. Obviously, the photons
cannot excite a carrier pair as a whole and should de-
stroy it. Such a behavior directly proves that the lattice
is involved in this optical transition. In our scheme an
excitation over the optical gap corresponds to the pair de-
struction BiL2O6+BiO6
hν−→ 2BiL1O6, which produces a
local deformation of the lattice due to the changing of
the two different octahedra on equivalent ones. This dy-
namic deformation is manifested in the Raman spectra
as an abnormally high amplitude of the breathing mode.
Thus the nature of the optical gap is just the pair bind-
ing energy Eg = Eb. It is important to emphasize that
there are no free fermions in the system. Only the excited
fermions can be produced by the unpairing, and they do
not give any input into the charge transport because of
a high value of Eb = 1.9 eV. Thus the bosonic and the
fermionic subsystems are separated both spatially and
energetically, and therefore the Fermi-Bose mixture is ab-
sent in the parent compound.
C. Formation of the Fermi-Bose mixture
The substitution of the each two K+ for the two Ba2+
modifies the BiO6 complex to the BiL
2O6 one. As a
result, the number of the small stiff BiL2O6 octahedra
increases as n0(1 + x)/2, while the number of large soft
BiO6 octahedra decreases as n0(1 − x)/2, where n0 =
1/a3 is the number of the unit cells and a is a lattice
parameter. The spatial overlap of the BiL2O6 complexes
appears at the finite doping levels, which, taking into
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FIG. 2. The scheme of the insulator-metal phase transition for the K-doping of Ba1−xKxBiO3 in the framework of the
relationship between the local crystal and the local electronic structures. The local crystal structure of the octahedral complexes
(at the top) and the local electronic structure (at the bottom) are shown on the pictures (a)-(d). The occupied states of
the Bi6sO2p valence band are marked by gray. 2Ea is the activation gap. Black and white circles with arrows denote,
correspondingly, the electrons and the holes with the opposite spin orientations. (a) A monoclinic phase of an insulator
BaBiO3. (b) An orthorhombic phase of a semiconducting BKBO at 0 < x < 0.37. The splitting of free level L
2 at a spatial
overlap of the BiL2O6 octahedra is sketched. (c) An undistorted cubic phase of a superconducting metal at x > 0.37. The
formation of a Fermi-liquid state is shown arising due to the overlap of an unoccupied fermionic band F with an occupied
Bi6sO2p valence band when the percolation threshold is reached. (d) An undistorted cubic phase of a nonsuperconducting
metal at x = 1. A Fermi liquid state with Fermi level EF is shown.
account their small radii and the rigid bonds, contracts
the lattice.
The structural changes are accompanied by the essen-
tial changes in the local electronic structure and in the
physical properties of BKBO. A spatial overlap of the L2
levels leads to their splitting into an empty fermionic-like
band F inside the BiL2O6 − · · ·−BiL2O6 Fermi-cluster
[see Fig. 2(b)]. In the doping range x < 0.37 the band is
narrow enough due to a polaronic effect and is still sepa-
rated from an occupied Bi6sO2p subband. The number
of the empty electronic states in the F band increases
with x as nˆF = n0(1 + x), while the number of the local
electron pairs decreases as nB = n0(1− x)/2.
A free motion of the pairs is still prevented by the
intersite Coulomb repulsion [25], which becomes strongly
screened inside the clusters. When the Fermi-clusters
are formed, the conductivity occurs due to the motion
of the pairs through the clusters of the different lengths.
The BKBO compounds demonstrate a semiconducting-
like conductivity changing from a simple activation type
to the variable-range-hopping Mott’s law [33]. Moreover
the activation energy lowers with the doping down to
Ea ≈ 0 at x ≈ 0.37. One can understand the decrease
of the activation energy as a suppression of the Coulomb
blockade due to the formation of the Fermi-clusters and
due to the decrease of an energy shift between the empty
and the occupied bosonic levels as the lattice distortion
is diminished.
At the doping level x ≈ 0.37 (see Fig.2(c) and Fig.3(c))
the following cardinal changes take place:
(i) Both the breathing and the rotational static lattice
distortions transform to the dynamic ones. At the clus-
ter borders, where all oxygen ions belongs to BiO6 and
BiL2O6 octahedra, the local breathing dynamic distor-
tion is observed as a vibration in a double-well potential
of (1−x) part of the oxygen ions [16,17] but cannot be de-
tected by the integral methods of the structural analysis
such as an X-ray and a neutron diffraction.
(ii) The infinite percolating Fermi cluster (formed from
the spatially overlapped BiL2O6 octahedra) appears,
which leads to the overlap of an empty fermionic band
with a filled one, and as a result F becomes a conduc-
tion band. Overcoming of the percolation threshold pro-
vides the insulator-metal phase transition and the forma-
tion of the Fermi-liquid state for x > 0.37. The valence
electrons of the BiL2O6 complexes previously localized
become itinerant which is in agreement with the experi-
ments [34].
(iii) The pair localization energy disappears Ea ≈ 0 so
the local electron pairs (from the BiO6 complexes) can
freely move in the real space providing a bosonic con-
tribution into the conductivity. Thus, in the metallic
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FIG. 3. A sketch of the one-particle density of states for Ba1−xKxBiO3. The contributions from the bosons NB(E) and
the fermions NF (E) are depicted separately because the bosonic and fermionic states are spatially separated. The filled (dark
gray) and the unoccupied (transparent) bosonic bands correspond, respectively, to the contributions from the electron and the
hole pairs. The bands are separated by the activation gap 2Ea which is lowered with a doping level x. An empty fermionic
band F ′, corresponding to the destruction of the pairs, is separated from an occupied bosonic band by a binding energy Eb.
An empty fermionic band F is formed from an unoccupied bosonic band due to the splitting of the free level L2, which arises
from a spatial overlap of the BiL2O6 octahedra. A filled fermionic band (gray) represents the Bi6sO2p valence band. A band
F ′ and bosonic bands grow downwards by the doping because of a decrease of the number of the electron pairs, while a band F
grows due to the increase of the number of free levels. A Fermi liquid state is formed (c), (d) as a result of the overlap between
the band F and the Bi6sO2p valence band.
phase the two types of carriers are present: the itin-
erant electrons from the BiL2O6 complexes (fermions)
and the delocalized electron pairs from the BiO6 com-
plexes (bosons). Despite the normal state conductivity
is mainly due to a fermionic subsystem, the contribution
from a bosonic subsystem was also observed by Hellman
and Hartford [35] as the two-particle normal state tun-
neling.
As a result at doping levels x > 0.37 we have a new
type of a spatially separated mixture of the bosonic B
and the fermionic F subsystems, which describes metal-
lic properties of BKBO. It should be stressed that the
fermions and the bosons belong to the complexes with
the different electronic structure, therefore the Fermi and
the Bose subsystems are spatially separated at any doping
level. These subsystems are connected by the relations
2nB+ nˆF = 2n0 and 2nB/nˆF = (1−x)/(1+x). The high
enough value of the binding energy, which in the super-
conductive compositions becomes apparent as a pseudo-
gap Eb = Eg ≈ 0.5 eV [36], is the guarantee against the
pair destruction. The unpairing is possible only under
the optical excitation to the band F ′ (see Fig. 3), which
does not play any role in the charge transport.
At x = 1 all the BiO6 octahedra are transformed to
the BiL2O6 ones. The Bose system disappears (nB =
0) together with an excited fermionic band F ′. As a
result, KBiO3 should behave as a simple Fermi-liquid
metal without superconductive properties (see Fig.2(d)
and Fig.3(d)).
It is worth to notice that a metallic KBiO3 compound
exists only hypothetically because of the exceeding of
the potassium solubility limit in BKBO, which in this
case equals to x ≈ 0.5. However BaPbO3 as an elec-
tronic analogue of KBiO3 demonstrates the metallic but
not the superconductive properties. Recent attempts
to synthesize KBiO3 at a high pressure found out that
only K1−yBiyBiO3 with a partial replacement of K
+
ions by Bi3+ ones is formed [37]. Such a replacement
should lead to the appearance of the BiO6 octahedra
with the local electron pairs, and hence the compound
K1−yBiyBiO3 should be superconductive in accordance
with the discussion above. Indeed, a superconductivity
with Tc = 10.2K was experimentally observed in this
compound [37]. From this point of view, it follows that
BaPbO3 should be superconductive at a partial substitu-
tion of the Ba2+ ions for the La3+ ones (or for the other
trivalent ions) because such a substitution produces the
local electronic pairs as in the case of K1−yBiyBiO3.
III. DISCUSSION
The most important point which differs our model from
the ones considered by Rice and Sneddon [24], Varma
5
[25], and De Jongh [26] is the claim that the local hole
pair belongs to the whole BiL2O6 complex and not only
to the Bi5+ site. Analogously the local electron pair be-
longs to the whole BiO6 complex and not only to the Bi
3+
site. From this point of view we do not believe in the
scheme 2Bi4+ → Bi3++Bi5+ of a charge disproportiona-
tion, but propose a scheme 2BiL1O6 → BiL2O6+BiO6,
where L denotes a local hole in the upper antibonding
Bi6sO2pσ∗ orbital of the whole octahedral complex. To
some extent our idea has a certain similarity with Zhang-
Rice construction for HTSC-materials [38]. The essential
difference is that Zhang-Rice singlet is a boson (a holon
in Anderson terminology) with zero spin and charge e
(so to create a Cooper pair one needs two singlets). In
the bismuthates from the beginning we have a rather
tightly bound boson (biholon) with a proper charge 2e.
Of course, a total spin of the biholon is again zero, so
their Bose-Einstein condensation corresponds to a stan-
dard s-wave superconductivity. The existence of the bi-
holons before was only proved rigorously in the quasi one-
dimensional ladder materials at a strong coupling along
the rungs (Dagotto and Rice [39]). Our scheme immedi-
ately gives us an understanding of a spatial separation of
the fermionic and the bosonic bands in the bismuthates.
Namely, our model identifies an optical gap with the
binding energy of a preformed pair Eb = Eg. In the
same time a transport gap 2Ea corresponds to the pair
localization energy. As a result we have the picture for
the one-particle density of states presented in Fig. 3. In
this picture for x = 0 there is a filled bosonic band sepa-
rated by the large gap Eg = Eb from an empty fermionic
band (an excited band F ′) and by a smaller transport
gap 2Ea from an empty bosonic band B, which plays the
role of the conduction band for the bosonic quasiparti-
cles involved in the activation transport. In accordance
with Ref. [30] in the representation of the one-particle
density of states the filled bosonic band has the hole-like
dispersion while the empty bosonic band has the electron-
like dispersion. The above bands are on top of the com-
pletely filled wide (∼16 eV) Bi6s-O2p hybridized band,
which includes 18 valence electrons per unit cell. Since
the occupied and the empty bands belong to the different
octahedra, they are always spatially separated.
Formally, the transport gap is similar to the impu-
rity band in doped semiconductors. However, the com-
bined transport and the Hall-effect measurements showed
that the number of carriers participated in an activation
conductivity is extraordinary large and is estimated as a
number of unit cells [11]. This rejects any impurity mech-
anisms and suggests that the conduction process in the
doping range 0 < x < 0.37 can not be understood by the
conventional transport mechanisms of the ordinary semi-
conductors. The attempts have been made to identify
the excitation with the energy gap Ea using some opti-
cal methods: the reflectivity, the photoconductivity, and
the photoacoustic spectroscopy measurements. However,
no photoresponse could be detected by either method
in the energy region near Ea [40]. So the meaning of
this gap is just a localisation energy of the local pairs.
Hence for x = 0 we have the normal bosonic semicon-
ductor with an activation character of the conductivity
σ(T ) = σ0 exp(−2Ea/kT ).
As we pointed above, the localization energy is influ-
enced by at least two effects: the Coulomb intersite repul-
sion due to CDW state and the energy shift between the
empty and the occupied bosonic bands due to a static
lattice distortion. With the doping both effects dimin-
ish, which leads to the decrease of the pair localization
energy. The reason is that the appearing Fermi clus-
ters screen the Coulomb intersite repulsion and the de-
crease of the static lattice distortion lowers the energy
shift between the bosonic bands. At 0 < x < 0.37
the lengths of the Fermi-cluster islands along [100] di-
rections are variable due to the random distribution of
the dopant atoms, so the temperature dependence of the
conductivity becomes more complicated, but remains a
semiconducting-like. It corresponds to the experimen-
tally observed variable-range-hopping conductivity ac-
cording to the Mott’s law σ = σ0 exp(T0/T )
−1/4 [33,41].
The value of T0 ≃ (3 − 6) × 108K obtained by Hellman
et al. [33] implies a strong carrier localization as in our
model. On the language of the fermionic and the bosonic
bands, at 0 < x < 0.37 the Fermi and the Bose subsys-
tems are both energetically and spatially separated.
Near the insulator-metal transition the characteristic
temperature T0 depends on the stoichiometry, and an
agreement with the Mott’s law breaks down [33]. A pair
localization energy approaches zero because the move-
ment of BiO6 octahedron, surrounded by the equiva-
lent BiL2O6 octahedra in undistorted lattice, does not
change the total energy. In the doping range x >∼ 0.37 we
have a two-band Fermi-Bose mixture similar to that pro-
posed earlier by Ranninger et al. [6,7]. In the same time
this mixture of a bosonic metal state with a Fermi-liquid
state is rather unusual. The normal conductivity in this
mixture is mainly due to the fermionic subsystem which
overcomes at x ≈ 0.37 the percolation threshold. Nev-
ertheless, the bosonic two-particle contribution into the
normal state conductivity is also present. At the doping
level x >∼ 0.37 the occupied and the empty pair levels
are in the resonance, therefore the energy separation dis-
appears and the Bose and the Fermi subsystems remain
separated only spatially.
Note that there is an interplay between the Bose and
the Fermi subsystems since the motion of the carrier pairs
leads to the transformation of the Bose octahedral clus-
ters to the Fermi ones and vice versa in the process of
the dynamic exchange BiO6 ↔ BiL2O6. Because this
process is closely related with the superconductivity, we
analyze it below in more details.
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Superconductivity in Ba1−xKxBiO3
Taking into account an existence of the double-well po-
tential in Ba1−xKxBiO3 one can consider superconduc-
tivity in this compound in the framework of the anhar-
monic models for HTSC [42,43]. As it was shown in these
models, if the oxygen ions move in a double-well poten-
tial, an order-of-magnitude enhancement of a constant of
an electron-lattice coupling follows automatically from a
consistent treatment of this motion. The pairing mecha-
nism is connected in these models with the enhancement
of the coupling constant due to the oxygen ion vibrations
in a double-well potential. However, in agreement with
Refs. [25,29], we believe that in the bismuthates the pair-
ing mechanism is more probably of the electronic than of
the phonon-mediated origin (see Sec. II b). In the same
time in our system the local pairs tunnel between the
neighboring octahedra due to the vibration of the oxygen
ions in the double-well potential. Therefore we suppose
that the lattice is involved in the superconductivity more
probably by providing the motion of a local pair rather
than via a pairing mechanism itself.
The process of a dynamic exchange is illustrated in
Fig. 4. An oxygen belonging to the two neighbor-
ing octahedra BiO6 and BiL
2O6 vibrates in a double-
well potential, and hence the tunneling of the electron
pair between the neighboring octahedra occurs when
the ion tunnels through the potential barrier between
the wells. Because of this interconnection between the
processes of the pair and the oxygen tunneling, one
can estimate the matrix element of the pair tunneling
as tB ∼ ω0e−D where ω0 is the tunneling frequency,
D = (1/h¯)
∫ x1
x0
|p| dx ≃ (d/h¯)√2MU is a quasiclassical
transparency of the barrier in the double-well potential,
U and d are the barrier height and width, and M is the
oxygen ion mass. Note that rather small tunneling fre-
quency ω0 = 200K (see Fig.4) already incorporates the
effects connected with a polaronic narrowing of the one-
particle bands tp ∼ t0exp(−g2) and the hopping of a
bosonic pair via virtual dissociation processes. The last
ones are described by a second order perturbation the-
ory (see Ref. [5]) and yield an estimate tB ∼ t2p/|Eb| for
a width of a bosonic band in a spatially homogeneous
Bose-system.
The tunneling of the pairs helps to establish a macro-
scopic long range order (a phase coherence) in the bosonic
system. On the language of the spatially separated
Fermi-Bose mixture, a local pair is transferred from one
Bose cluster to a nearest one over the Fermi-cluster,
which, depending on the doping level, consists of several
octahedra. The pairs overcome the Fermi-cluster step by
step. A single step, corresponding to the pair transfer
into a neighboring octahedron, is described by the pair
tunneling in the double-well potential. Thus the tunnel-
ing frequency ω0 is the same for each step. If one assumes
that the steps are independent events, a probability of
the overcoming of the Fermi-cluster can be obtained as
FIG. 4. A sketch of the dynamic exchange BiO6 ↔ BiL
2O6
is shown in the BiO2 plane of the octahedra. (a) A breath-
ing mode of the vibrations along [100]-type direction of two
neighboring octahedra with the different electronic structures.
The BiO6 octahedron transforms to the BiL
2O6 one and vice
versa due to the electron pair tunneling between the octahe-
dra. An oxygen ion belonging to such octahedra oscillates
in a double-well potential. An oxygen ion belonging to the
equivalent neighboring BiL2O6 octahedra oscillates in a sim-
ple parabolic potential. (b) A double-well potential with the
energy levels for the vibration of the oxygen ion. The fol-
lowing parameters describe the tunneling barrier between the
wells in Ba0.6K0.4BiO3 at low temperatures [17]: the tunnel-
ing frequency ω0 ≃ 200K, the height of the barrier U ≃ 500K,
the width of the barrier d ≃ 0.07 A˚. (c) A motion of the local
electron pair centered on the BiO6 octahedron through the
BiL2O6 · · · BiL
2O6 Fermi cluster. For detailed explanations
see the text.
a product of the probabilities of an each step. In this
case the matrix element of the pair tunneling through
the Fermi-cluster can be estimated as tˆB ∼ ω0e−〈N〉D
where an evarage number of steps (which is proportional
to a Fermi-cluster linear size) can be obtained from the
ratio of the concentrations of BiL2O6 and BiO6 octa-
hedra. Hence a number of steps can be estimated as
〈N〉 ≃
(
1+x
1−x
)1/3
.
Of course, it is naturally to assume that the crit-
ical temperature of superconductivity is of the order
of the temperature of the Bose–Einstein condensation
Tc ∼ tˆBa2n2/3B in the bosonic system with a large effective
massmB ∼ 1/tˆBa2. We remind that a3nB = (1−x)/2 in
our case. For x = 0.4 and the parameters of the double-
well potential obtained in the Ref. [17] (see also Fig. 4)
we estimated Tc ∼ 50K. This value is larger than the
measured Tc ≃ 30 [13] in the bismuthates.
Note that the estimate above is quite rough. An accu-
rate analysis of the superconductivity in the bismuthates
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should also take into account a significant boson-phonon
interaction, arising due to the interconnection between
the vibrations of the oxygen ions and the transfer of the
pairs. When the pair is transferred from one octahedron
to another, the lattice has a sufficient time to relax, form-
ing each time a new configuration before the next tun-
neling event occurs. As a result the pair’s “deformed”
environment (the BiO6 octahedra) may follow the tun-
neling processes without the retardation. If the local pair
motion is slow compared to the frequencies of the optical
phonons associated with the deformations of the octahe-
dra, the so-called anti-adiabatic limit is fulfilled in our
system [26].
Note that in our case the stretching phonons are as-
sociated with the tunneling of the pairs. The following
conclusions can be made from the analysis of the phonon
modes studied in Ba1−xKxBiO3 by an inelastic neutron
scattering [44]. (i) The frequencies of the optical modes
of the Bi-O vibrations ωph > 630K are high enough to
provide the anti-adiabatic limit, since the tunneling fre-
quencies are lower, ω0 ≤ 300K for x ≤ 0.5 [17]. Note
that from a theoretical point of view a polaronic narrow-
ing of the one- particle bandwidths tp << t0, and hence
a small value of ω0 itself, is just a direct consequence of
the non-adiabaticity. (ii) The energy of the longitudinal
stretching mode with [100] wave-vector direction is lower
than the energy of modes with other wave-vector direc-
tions or of transversal modes. (iii) The breathing-type
vibrations with the wave vector qb=(pi/2a, 0, 0) are en-
ergetically favorable since an energy of the longitudinal
stretching phonons is the lowest at the Brillouin band
edge. That is why a “breathing” of each octahedron
should be coordinated with its neighbors to guarantee
a resonant tunneling in the system. Hence a long-range
correlation of the vibrations should occur at low tem-
peratures when only the low-energy states are occupied.
(iv) The bandwidth of the longitudinal stretching mode
is of the order of 100K, and thus a temperature T ∼ Tc
is high enough to excite the non-breathing-type longi-
tudinal stretching phonons with the wave vectors shorter
than qb. The thermal excitation of the phonons with such
short wave-vectors leads to the destruction of the long-
range correlation between the breathing-type vibrations,
and hence play a destructive role for the pair tunneling.
It should be stressed in addition, that the oscillations
of the oxygen ion in the double-well potential corresponds
to the breathing-type longitudinal vibrations with [100]
directions (see Fig. 4a).
Thus the pair motion is more correctly described as
follows. When the local pair is transferred to a neighbor-
ing octahedron (for example, from the left to the right
in Fig. 4c) due to the transition of the oxygen ion from
one well to another one in the double-well potential, the
charge density corresponding to a pair is quickly redis-
tributed inside the octahedron. As a result a double-well
potential, designed for the vibration of the other oxy-
gen ions belonging to the same octahedron, is formed.
The longitudinal stretching phonons with ωph > ω0 are
involved in this fast process. After the relaxation of the
deformed surrounding, the pair becomes prepared for the
next hopping, and the described process repeats again
and again, providing a resonant tunneling of the pairs on
the large distances along [100] directions.
Note that since the BiO6 and BiL
2O6 complexes have
different strengths of the Bi-O bonds, the pair transfer in
turn is able to change both the phase and the wave vec-
tors of the stretching phonons. As the vibration in the
double-well potential is of a breathing-type, the wave vec-
tors remain unchanged when the octahedra ( which the
pair is passing by) vibrates in the breathing mode. How-
ever a value of q can be changed in the case of the vibra-
tions with the short wave-vector. Due to the dispersion of
the longitudinal stretching mode such a change can cost
some energy. Thus to provide the pair motion in this
case, an energy should be transmitted to the phonons
and the dissipation of the pair kinetic energy should oc-
cur. Of course, this leads to the decrease of the BEC
critical temperature for the pair. Hence the more ex-
act estimate for Tc requires the solution of a problem
of a self-consistent preparation of the barrier due to the
interaction of a pair with a phonon subsystem in a pro-
cess of underbarrier tunneling. This brings us all the nice
physics of the tunneling with the dissipation [45–47]. Re-
mind, that in the problem of the tunneling with the dissi-
pation the shape and the height of a potential barrier in a
two-level system are determined self-consistently taking
into account an interaction of a tunneling particle with a
thermal reservoir. Note that the more exact evaluation of
Tc will give us an experimentally observed decrease of the
critical temperature as a function of the concentration in
the metallic region x > 0.4. This decrease should take
place mainly due to the following facts: (i) a decrease
of a bosonic density nB, (ii) an increase of the width of
the barrier 〈N〉, and maybe the most important, (iii) the
decrease of lattice softening which leads to the increase
of the dissipation of the pair kinetic energy due to the
stretching phonons with q 6= qb. Note also, that at tem-
peratures T > Tc a bosonic subsystem behaves for the
concentrations x > 0, 37 as a normal bosonic metal with
a heavy mass mB ∼ 1/tˆBa2.
Summarizing the discussion above we point out that
the two processes are important for the superconductivity
in Ba1−xKxBiO3. The vibrations of the oxygen ions in
the double-well potential provides the mechanism for a
transfer of the local pairs from the one Bose-cluster to
the other. At the same time the pair motion is strongly
affected by the stretching longitudinal vibrations of the
oxygen ions in the octahedra which the pair is passing by.
We suppose that the last process should be taken into
account to estimate correctly the critical temperature.
It is worth to notice, that a similar dispersion of the
longitudinal stretching phonons, which leads to the dom-
inant role of the breathing-type phonons at low temper-
atures, has been observed also for the high Tc cuprates
La1.85Sr0.15CuO4 and YBa2Cu3O7 [48]. Taking into ac-
count the recent experimental evidence by Mu¨ller et al.
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[49] of the coexistence of the small bosonic and fermionic
charge carriers in La2−xSrxCuO4, we suppose also to ap-
ply our Fermi-Bose mixture scenario to HTSC cuprates.
Our paper on this problem is in preparation [50]. Note
again that the nature of the pairing itself in the cuprates
is definitely of the electronic origin. However, due to the
fact that underdoped HTSC-materials are close to the
phase-separation on AFM and PM-clusters [51–53], the
lattice here can play an assistant role again providing a
pair tunneling between the superconductive PM metal-
lic clusters via an insulating AFM-barrier. It can also
serve as a limitation on the estimate of the effective crit-
ical temperature for the Bose-condensation of the pairs
in our system.
IV. CONCLUSION
In conclusion we briefly summarize the main results.
1. The parent compound BaBiO3 represents a system
with the initially preformed local electron and hole pairs.
Every pair is spatially and energetically localized inside
an octahedron volume. The localization energy of a pair
determines the transport activation gap Ea. The binding
energy of a pair becomes apparent as the optical gap
Eg = Eb.
2. The new type of the Fermi-Bose mixture is pos-
sibly realized in the superconductive compositions of
Ba1−xKxBiO3 for x > 0.37. The bosonic bands are re-
sponsible for the two-particle normal state conductivity.
The overlap of the empty fermionic band F with an occu-
pied valence band Bi6sO2p provides the insulator-metal
phase transition and produces the Fermi-liquid state.
This state shunts to a great extent the normal state con-
ductivity arising from the two-particle Bose transport.
3. The fermionic band F ′ connected with the pair
destruction does not play any role in the transport. The
excitation energy is high enough to guarantee against the
destruction of bosons (a pair binding energy Eb ≈ 0.5 eV
for the superconductive compositions).
4. Pair localization energy is absent for x > 0.37
(Ea = 0), so the bosonic and the fermionic subsystems
are separated only spatially. The interplay between them
is due to the dynamic exchange BiL2O6 ↔BiO6, which
causes a free motion of the local pairs in the real space.
5. The pairing mechanism in the bismuthates is more
probably of the electronic than of the phonon-mediated
origin. The existence of the local pairs and their tunnel-
ing between the neighboring octahedra are the reasons
for the appearance of the double-well potential, which
describes the vibration of the oxygen ions. The lattice
is involved in the superconductivity more probably by
providing the motion of the local pairs.
Finally, we would like to emphasize that the scenario
of the Fermi-Bose mixture allows us to describe qualita-
tively an insulator-metal phase transition and a super-
conductive state in BKBO in the framework of the one
common approach. To some extent this scenario explains
the contradictions observed experimentally by the UPS
and XPS [54,55], the EXAFS and XANES [16,17,34],
and the Raman [22,27,32] spectroscopies, as well as by
an inelastic neutron scattering [44], the transport and
the optical measurements [11,33,36]. Nevertheless, the
additional experiments are required to make a definite
conclusion about the nature of the superconductivity in
these systems.
First of all we propose two direct experiments to
test our model. (i) To synthesize a new compound
Ba1−xLaxPbO3, which should be superconductive in ac-
cordance with our point of view. (ii) To provide the
Raman scattering experiment of the superconducting
Ba0.6K0.4BiO3 compound using a resonance optical exci-
tation in the range of the optical pseudogap Eg ≈ 0.5 eV.
In this case the appearance of the additional Raman
modes due to local dynamic distortions should be ob-
served at the pair destruction in accordance with our
model.
Besides, it is important to carry out the more pre-
cise measurements of the specific heat in the bismuthates
for T ∼ Tc. We know that the specific heat behaves
as CB ∼ (T/Tc)3/2 for the temperatures T < Tc, and
CB = const for T ≫ Tc in a three-dimensional Bose-gas.
As a result, there is a λ-point behavior of the specific heat
for T ∼ Tc. However, in the Fermi-Bose mixture there is
an additional contribution from a degenerate Fermi-gas
CF ∼ γT . This contribution could in principle destroy
a λ-point behavior of the specific heat in the Fermi-Bose
mixture. Note that the currently available experimental
results in the bismuthates signal a smooth behavior of
the specific heat near Tc [56], because in all the experi-
ments the contributions from the degenerate Fermi and
Bose-gases are masked by a larger lattice contribution.
Another important measurement, which can be pro-
posed to elucidate the nature of the superconductiv-
ity, is a measurement of the thermopower in the nor-
mal state of the bismuthates. According to the ideas
of Larkin et al. [9], the Seebeck coefficient S0 =
nB(T )/n0 ln(nB(T )/n0)+αT/εF in the Fermi-Bose mix-
ture is much larger by absolute value than the usual value
S0 = αT/εF in the normal state of an ordinary fermionic
metal. Moreover, the sign of the thermopower can be-
come negative, which is also rather unusual. Note that up
to now there is a lot of controversy in the measurements
of Seebeck coefficient in the bismuthates (see Ref. [57]
and references therein).
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